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The long-range ferromagnetic order was observed only for x>0.25 in the Ca12xSrxRuO3 (0<x
<1) metallic system, while short-range magnetic correlation of ferromagnetic double-exchange
interaction persists for x,0.25. Temperature, field, and time dependent magnetization m(T ,Ba ,t)
for exchange-enhanced paramagnetic Ca0.8Sr0.2RuO3 near the boundary show similar
electronic-inhomogeneous, spin-glass-like behavior as in Sr-free CaRuO3 . X-ray Rietveld analysis
and x-ray absorption near-edge structure data indicate that weaker double-exchange coupling
strength Jde in the Ca-rich regime is closely related with stronger RuO6 tilting and distortion, which
results with weaker Ru 4d – O 2p hybridization, narrower bandwidth W, and stronger on-site
Coulomb repulsion Udd . © 2004 American Institute of Physics. @DOI: 10.1063/1.1689111#
The strongly correlated ruthanates An11RunO3n11
~A5Ca,Sr! with Ru41 (4d4) and strong
Ru 4dxy ,yz ,zx – O 2px ,y ,z hybridization exhibit various exotic
ground states. For n51, Sr2RuO4 is a p-wave triplet super-
conductor while smaller Ca2RuO4 is an antiferromagnetic
insulator.1,2 For n52, Sr3Ru2O7 is a metal with a metamag-
netic quantum critical point.3 For n5‘ , orthorhombic
SrRuO3 is an itinerant ferromagnetic metal of Curie tempera-
ture TC5160 K with magnetic moment of ;1.4 mB /Ru
aligned in the pseudo-cubic ab plane,4–8 while the isostruc-
tural CaRuO3 is an exchange-enhanced paramagnetic metal
with no long range magnetic order down to 1.5 K and with
spin-glass-like behavior.4,6,7,9–11 For the substituted
Ca12xSrxRuO3 system, TC decreases sharply and the spin-
glass-like behavior was observed in the paramagnetic re-
gime, where nuclear magnetic resonance ~NMR! data still
show the presence of exchange-enhanced ferromagnetic spin
fluctuation and Curie–Weiss susceptibility fitting indicates
the presence of antiferromagnetic-like coupling from nega-
tive intercept up,0.4,6,7
In order to study the mechanism of spin-glass-like be-
havior and its correlation with structural distortion, we
present here the results of magnetic, structural and x-ray ab-
sorption near-edge structure ~XANES! data for the
Ca12xSrxRuO3 system.
The Ca12xSrxRuO3 samples with nominal composition
were carefully synthesized by solid-state reaction and an-
nealed at 1150 °C in air and check in flowing Ar and O2 . The
powder x-ray Rietveld analysis data were collected with a
Rigaku Rotaflex 18 kW rotating anode diffraction using
graphite monochromatized Cu Ka radiation with a scanning
step of 0.02° in 2u. The magnetic susceptibility and magne-
tization data were collected using a Quantum Design MPMS
superconducting quantum interference device magnetometer.
The O K-edge and Ru L3 edge XANES measurements were
performed at Hsinchu National Synchrotron Radiation Re-
search Center.
The ferromagnetic Curie temperature TC decreases
monotonically with lesser Sr substitution in Ca12xSrxRuO3 .
From 1 kG field-cooled ~FC! magnetization data, TC de-
creases from 160 K for SrRuO3 (x51) to 120 K for x
50.8, 60 K for x50.5, and extrapolated to 0 K for x
;0.25, no TC can be detected for x50.2 and CaRuO3 (x
50). In the ferromagnetic metal regime, the self doping
from Ru 4d – O 2p hybridization drives the resulting mixed-
valent system metallic and ferromagnetic via double-
exchange interaction.8 In the paramagnetic metal regime,
spin-glass-like behavior was observed. The zero-field-cooled
~ZFC! and FC magnetization m(T) at 100 G, 1 kG and 1 T
applied field for paramagnetic Ca0.8Sr0.2RuO3 near the tran-
sition boundary is shown in Fig. 1. Similar to the end mem-
ber CaRuO3 ,6,10,11 the ZFC–FC curve open ups near 100 K
at lower fields and reduces to ;40 K at 1 T field, which
indicates the appearance of short range, field-dependent mag-
a!Author to whom correspondence should be addressed; electronic mail:
hcku@phys.nthu.edu.tw
FIG. 1. ZFC and FC magnetization m(T) data at 100 G, 1 kG, and 1 T field
for paramagnetic Ca0.8Sr0.2RuO3 .
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netic correlation at low temperature due to ferromagnetic
double exchange interaction.
At 5 K, weak field-dependent magnetic hysteresis for
CaRuO3 and Ca0.8Sr0.2RuO3 ~Fig. 2! indicates a ferromag-
netic fluctuation with a small, unsaturated moment of
0.07 mB /f.u. at a 2 T field for Ca0.8Sr0.2RuO3 and
0.03 mB /f.u. for CaRuO3 . The field-dependent
ferromagnetic-like hysteresis loop is observed up to 100 K
for Ca0.8Sr0.2RuO3 and up to 20 K in CaRuO3 as expected
from Fig. 1. These results are consistent with the observation
of ferromagnetic spin fluctuation in the paramagnetic regime
from NMR data.7
The logarithmic time dependent magnetization m(t) for
Ca0.8Sr0.2RuO3 is shown in Fig. 3. The sample was first zero-
field-cooled to 5 K, applied a small 1 kG field, and awaited
relaxation. A small ZFC magnetization mZFC(t) relaxation
increases from 8.931023 to 9.531023 mB /f.u. was detected
within 5.6 h. After that, the sample was heated to 100 K and
then FC to 5 K ~with mFC51.431022 mB /f.u.), the field,
turned off and waited for zero-field relaxation m0(t). Again,
a small relaxation of residual magnetization decrease from
9.131023 to 9.031023 mB /f.u. was observed in 3 h. The
residual magnetization m0 is related to the presence of fer-
romagnetic coupling in zero field, and the smaller value ob-
served in CaRuO3 (1.731024 mB /f.u.) indicates much
weaker coupling strength in Sr-free CaRuO3 .
Since the magnetic coupling strength is closely related to
the variation of Ru 4dxy ,yz ,zx – O 2px ,y ,z hybridization in me-
tallic Ca12xSrxRuO3 , a careful power x-ray Rietveld analy-
sis is performed on the whole system in order to check the
structural distortion from pseudocubic SrRuO3 @orthorhom-
bic lattice parameters a55.563(3) Å, b55.540(3) Å, c
57.856(5) Å] to smaller but distorted CaRuO3 @a
55.533(3) Å, b55.361(3) Å, c57.661(5) Å]. The RuO6
c-axis tilting angle decreasing steadily from 21° for distorted
CaRuO3 , to 18° for Ca0.8Sr0.2RuO3 , and 10° for less-
distorted SrRuO3 . Within the RuO6 octahedron, the Ru–O1
bond length between Ru and apical oxygen O1 anomalously
increases monotonically from 1.99 Å for SrRuO3 to 2.05 Å
for smaller CaRuO3 due to distortion, while Ru–O2 bond
lengths vary slightly from 1.87 Å/2.06 Å for SrRuO3 to 1.85
Å/2.09 Å for CaRuO3 . The O2 – Ru–O2 bond angle de-
creases from 89.5° for SrRuO3 to 88.9° for CaRuO3 , while
O1 – Ru–O2 bond angles vary from 82.0°/87.2° for SrRuO3
to 79.1°/89.55° for CaRuO3 . The schematic refined structure
for these two end members is shown in Fig. 4. The RuO6
FIG. 2. Low temperature magnetic hysteresis loop m(Ba) at 5 K for
CaRuO3 and Ca0.8Sr0.2RuO3 .
FIG. 3. Time dependence magnetic relaxation m(t) for Ca0.8Sr0.2RuO3 .
FIG. 4. Lattice distortion of orthorhombic CaRuO3 as compared with
pseudocubic SrRuO3 .
FIG. 5. O K-edge XANES for CaRuO3 and SrRuO3 at T577 and 300 K.
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distortion in CaRuO3 results with weaker Ru 4d – O 2p hy-
bridization, narrower energy bandwidth W, stronger on-site
Coulomb repulsion U, and charge transfer energy D.
The normalized O K-edge XANES spectra for CaRuO3
and SrRuO3 at room temperature and 77 K are shown in Fig.
5. The O K edge is the transition from oxygen 1s state to
empty 2p state. With strong Ru 4d – O 2p hybridization, fea-
ture A reflects the empty Ru 4d2t2g state and feature B re-
flects the empty Ru 4d-eg state. At room temperature and 77
K, the appearance of a deep ditch between feature A and B
for more distorted CaRuO3 indicates smaller 4d t2g-eg band
overlap due to narrower bandwidth by distortion. The elec-
tronic state shape did not change much at 77 K but with
smaller density of states due to more distortion in b smaller
unit cell volume at low temperature. Similar distortion was
observed in the Ru L3 edge (Ru 2p3/2 state to the empty 4d
state! XANES spectra. The variation of O K-edge XANES
spectra data near the spin-glass-like region of x,0.25 is very
similar to the end member CaRuO3 .
In conclusion, magnetic properties are strongly corre-
lated with the RuO6 distortion in the Ca12xSrxRuO3 system.
Anomalous spin glass behavior is the result of distortion with
weaker Ru–O hybridization, which results with electronic
inhomogeneity and short-range, field-dependent ferromag-
netic double-exchange coupling.
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